Grain boundary (GB) can serve as an efficient sink for radiation-induced defects, and therefore nanocrystalline materials containing a large fraction of grain boundaries have been shown to have improved radiation resistance compared with their polycrystalline counterparts. However, the mechanical properties of grain boundaries containing radiation-induced defects such as interstitials and vacancies are not well understood. In this study, we carried out molecular dynamics simulations with embedded-atom method (EAM) potential to investigate the interaction of Σ5(210)/[001] symmetric tilt GB in Cu with various amounts of self-interstitial atoms. The mechanical properties of the grain boundary were evaluated using a bicrystal model by applying shear deformation and uniaxial tension. Simulation results showed that GB migration and GB sliding were observed under shear deformation depending on the number of interstitial atoms that segregated on the boundary plane. Under uniaxial tension, the grain boundary became a weak place after absorbing self-interstitial atoms where dislocations and cracks were prone to nucleate.
Introduction
Materials under radiation of high-energy particles and severe plastic deformation will develop point defects or defect clusters, which may subsequently evolve into microstructural flaws, such as voids, stacking fault tetrahedra, dislocation loops, or solute segregation [1] [2] [3] [4] [5] [6] . These defects and flaws not only deteriorate the physical properties of materials but also cause direct structural failure [7] . Compared with the conventional polycrystalline materials, nanocrystalline materials exhibit the superior property of radiation resistance due to the significantly decreased grain size and the increased volume fraction of grain boundary (GB) [1, 2, 8, 9] . It has been demonstrated that grain boundary can act as an efficient sink for reducing the accumulation of radiation defects in nanocrystalline metals [10] [11] [12] [13] , alloys [14, 15] , and oxides [16, 17] . For example, experiments showed that grain boundary could act as a sink for both self-interstitial atoms (SIAs) and vacancies, resulting in a denuded zone in the vicinity of an interface region [18] . Also, the increased radiation resistance has been confirmed in the early experiments of ion irradiation in nanocrystalline Au [10] and Pd [19] . The radiation tolerance of nanocrystalline materials strongly depends on the diffusion, segregation, and annihilation of SIAs and vacancies near the grain boundary. The fundamental processes have been extensively studied by atomistic simulations to examine the interaction of defects with grain boundary at the nanoscale [19] [20] [21] [22] [23] . Samaras et al. [19] conducted molecular dynamics (MD) simulation in nanocrystalline Ni to study the movement of collision cascade induced SIAs and their annihilation at the grain boundary. Bai et al. [3] used MD simulations to show that the grain boundary can absorb vacancies and interstitials through various mechanisms in Cu. The efficient trapping of radiation-induced defects by the grain boundary contributes to the enhanced radiation resistance of nanocrystalline materials.
It is thermodynamically favorable for SIAs and vacancies to aggregate at the grain boundary, but the SIAs were found to be absorbed by the grain boundary more easily [3, [24] [25] [26] . Using molecular statics simulation at 0 K, Tschopp et al. [25] 2 Journal of Nanomaterials carried out extensive energetic calculations of the segregation of SIAs and vacancies in a-Fe. They found that SIAs have a larger energetic driving force for binding to grain boundaries than the vacancies. Li et al. [27, 28] reported similar results for the segregation of SIAs and vacancies in Fe, Mo, and W. In addition, MD simulations revealed that SIAs can be absorbed by the grain boundary at the early stage of radiation damage, whereas the vacancies were observed to be less mobile at the nanosecond timescale of the MD simulations [3, 24, [29] [30] [31] [32] . While the role of the grain boundary as a defect sink has been extensively investigated in the previous research works, some recent studies have been focusing on the radiationinduced modification of GB structures and their influence on GB motion. For example, by using MD simulations, Frolov et al. [33, 34] investigated the structural transformation of Cu Σ5 GB by introducing point defects into the boundary region. Cheng et al. [35] and Zhang et al. [36] studied the effect of SIAs and vacancies on the shear-coupled GB motion. In these studies, the point defects introduced into the grain boundary were achieved by changing the position of the simulation grains, or by deleting and adding certain atoms at the GB region [35] [36] [37] . These methods cannot well represent the real situation under radiation, where the segregation of point defects at the grain boundary is an entirely random process. Until now, it is not very clear how the point defects randomly segregate at the grain boundary and what the subsequent strengthening and embrittling effects are. Studying this problem is beneficial to comprehensively understand the influence of radiation on the mechanical property of nanocrystalline materials.
In this work, we focused on studying the interaction between the grain boundary and SIAs by using MD simulations. On the one hand, SIAs are more prone to aggregate at the grain boundary than vacancies during displacement cascades. On the other hand, the subnanosecond timescale available to MD allows MD to address the evolution of the SIAs, but the motion of vacancies and their cluster is outside of the MD simulation time frame. Bicrystal models enable a well-controlled investigation of particular GB properties, and previous simulations took this advantage to study the mechanical properties of various GBs [38] [39] [40] [41] , and this approach was followed in the present study. The Cu Σ5(210)/[001] GB was taken as an example in this study; this is a typical high-angle boundary with a misorientation angle of 53.1 ∘ . The Σ5(210) GB was chosen to be studied because its structure has been reported in many of the previous experiments and simulations. Firstly, we investigated the sink efficiency and the structural transformation of the Σ5(210) GB. Then, the shear and tensile response of the Σ5(210) GB with different levels of SIAs content were studied.
Simulation Method
Simulations were carried out by molecular dynamics code LAMMPS [42] using the embedded-atom method (EAM) potential provided by Mishin et al. for Cu [43] . The bicrystal model was created by constructing two different oriented crystal lattices and joining them together at a planar interface parallel to the -plane along the direction, as shown in Figure 1 (a). In the coincidence site lattice (CSL) notation, the Σ5[001](210) GB was generated through rotation of the left grain about the [001] tilt axis by /2 ( = 53.1 ∘ ) in a clockwise direction and the right grain by /2 in an anticlockwise direction. The GB plane was the (210) crystallographic plane in the left grain and the (210) plane in the right grain. The dimensions of the simulation box along the , , and directions were set to about 242.5Å, 97Å, and 36.15Å, respectively. The total number of atoms in the bicrystal system was approximately 7.2 × 10 4 . Periodic boundary conditions (PBC) were applied in all directions so that the isobaric-isothermal (NPT) ensemble can be used in all directions during system relaxation. The PBC applied in and directions simulate an infinite boundary plane between the two grains and can eliminate the effect of the free surface. The PBC in the direction introduced a second GB into the model, as indexed by GB-1 in the middle and GB-2 on the lateral sides. The SIAs were introduced by adding discrete Cu atoms in the area of 30Å width near GB-1, and they were randomly distributed on both sides of the boundary plane, as illustrated in Figure 1 (a). The number of SIAs was set as 50, 100, 200, and 300, respectively. The length of the bicrystal model ( = 242.5Å) can ensure that the introduced SIAs only interact with GB-1 and avoid any influence from GB-2, so that the effect of various levels of SIA content on the grain boundary behavior can be investigated.
The GB-SIAs interaction was simulated, and the relaxed GB structure was obtained by using molecular statics and the subsequent molecular dynamics simulation. The energy minimization procedure was used in the molecular statics calculation with a standard conjugate-gradient algorithm. Then, the bicrystal system was annealed at 300 K with a constant pressure of 0 bar in all directions for 500 ps. The time step was set as 1 fs throughout the study. In the simulation case of SIA = 0, the equilibrium GB structure was obtained after the energy minimization procedure, and the cohesive energy of the bicrystal system was stable during the annealing process. However, there is a significant decrease of the system energy in the simulation cases of the preexisting SIAs. It can be assumed that the relaxation of system energy was mainly due to the reduction of the total defects energy. For a clear illustration, we defined a GB area of 50Å width near the boundary plane in which the core structure of GB and all the nearby SIAs were included. Figure 2 plots the cohesive energy of the GB area as a function of annealing time at 300 K for SIA = 50, 100, 200, and 300, respectively. It was found that the cohesive energy dropped rapidly in the first 50 ps, and the value was convergent after 200 ps, indicating that the local equilibrium GB structure has been achieved. The red dashed line at the top indicates the energy value of the GB area at the initial stage of system relaxation, and the bottom one indicates the average energy value from 200 ps to 500 ps. The difference between the two dashed lines (Δ ) represents the reduction of the total defects energy. The calculated value of Δ is 65.77 eV, 87.88 eV, 68.02 eV, and 96.96 eV, respectively. By visual inspection of the MD results, energy relaxation resulted from the segregation of SIAs into the grain boundary to achieve a lower energy position. The detailed atomic information will be presented in Section 3.1. After the simulation sample was fully relaxed after 500 ps, the shear deformation and uniaxial tension were applied, respectively, to investigate the mechanical response and the deformation mechanisms of the GB with various levels of SIA content; the simulation result will be presented in Sections 3.2 and 3.3. Figure 3 shows the snapshots of Σ5(210) GB with different numbers of SIAs during the process of system energy minimization (m) and the subsequent 300 K system relaxation (r). The initial GB configuration and the introduced SIAs are shown in The result agrees with the previous MD simulations that were carried out on single crystal structures where SIAs tend to cluster under cascade damage conditions [44, 45] . Compared to the vacancies, SIAs and their clusters have been seen to possess a much lower activation energy [46, 47] and therefore have a higher glissile mobility [48] [49] [50] . The rapid movement of SIAs was evidenced in the current study where the SIAs were prone to aggregate at the grain boundary even in the short timescale simulation. The energy minimization procedure was completed at 820 steps, 1330 steps, 1720 steps, and 1740 steps for the boundary with SIA = 50, 100, 200, and 300, respectively. In Figures 3(c3) and 3(d3), it is interesting to find that the number of SIA clusters is less than that in Figures 3(a2) and 3(b2). The result indicates that some of the SIA clusters have already been absorbed by the GB during the energy minimization process in the cases of SIA = 200 and SIA = 300. In other words, the absorption of SIA by the grain boundary can occur without any thermodynamic assistance. The red dashed circles in Figure 3 highlight the SIA clusters which were annihilated in the next snapshot. Since there is a high density of interstitial atoms in the cases of SIA = 200 and SIA = 300, the result may imply that larger sized SIA clusters can be absorbed by the grain boundary more easily. This conclusion was consistent with the previous findings that the larger SIA clusters can show a higher mobility than the scattered point defects [46, 51] . Most of the SIAs have been absorbed by the grain boundary after system relaxation for 50 ps at 300 K, resulting in the significant relaxation of the potential energy in the GB area. For the SIA = 200 and SIA = 300 GBs, the preexisting SIAs have been completely absorbed by the grain boundary at 98 ps and 33 ps, respectively, as shown in Figures 3(c5) and 3(d5). For the SIA = 50 and SIA = 100 GBs, a couple of SIAs or SIA clusters showed a random walk near the boundary plane and remained there after 100 ps system relaxation, as shown in Figures 3(a5) and 3(b5), but they were eventually absorbed by the boundary in the following annealing procedure. The equilibrium structure of Cu Σ5(210)/[001] GB can be described as consisting of a series of kite-shaped structural units, and each of the structural units contains six atoms [52] . However, the segregation of SIAs at GB can change its local structure significantly. For example, it was found that an extra atom exists in the midst of the six atoms in some structural units for SIA = 50 GBs, and this is also the case for other GBs with higher SIA content. The equilibrium structure is analogous to the SC-2 GB structure that was reported in our previous study on the Σ5(310)/[001] GB of Al [35] .
Results and Discussion

Interaction between GB and SIAs.
Shear Deformation.
In this section, shear stress was applied to investigate the mechanical response of the Cu bicrystal and the shear-induced GB motion at 300 K. There is a slab of fixed atoms on the left-hand side and the righthand side of the simulation cell. The slab is approximately twice the cutoff radius of atomic interactions along the direction [39] . During the simulation, the fixed atoms were frozen in their perfect lattice positions while all the other atoms in the model were set free. A constant shear velocity = 0.5 m/s parallel to the boundary plane was applied onto the fixed area of the left grain, as shown in Figure 1(b) . The fixed atoms in the left grain do not participate in MD simulations and only move with 0.5 m/s as a rigid body, while the fixed atoms in the right grain remained stationary. Stress and temperature calculations were performed on the dynamic atoms between the two fixed slabs. The stress tensor was calculated by the standard virial expression. MD simulations for shear loading were performed in the canonical NVT ensemble (Nose-Hoover thermostat) under a fixed volume. Figure 4 shows the shear stress and GB position as a function of the simulation time. The original GB position is defined as zero, and a negative value indicates that the boundary moved to the negative direction. The simulation result indicates that a "shear-coupled GB motion" occurred in all simulation cases (i.e., the shear stress applied parallel to the boundary plane can induce GB vertical migration). The shear-coupled GB motion can be quantified by the coupling factor ( = / ), where is the shear displacement and is the GB migration distance perpendicular to the boundary plane. The ideal value of a certain GB structure is a geometric constant that can be predicted based on the GB misorientation; for example, the ideal value of Σ5(210)/[001] GB was predicted as 0.667 [52] . The snapshots in Figure 4 (a) show a typical migration process of the SIA = 0 GBs at = 0 ns and = 6 ns under shear stress at 300 K. The atoms are colored according to the centrosymmetry value, and the atoms with perfect fcc environment are removed to facilitate the view of GB position. The sporadic atoms that scattered in the bicrystal model are due to the thermal disturbance of local atoms under shear stress. In Figure 4(b) , the GB motion exhibits a "stick-slip" behavior (in the upper panel) and a "stop-and-go" character of motion (in the lower panel). The "stick-slip" behavior of the SIA = 0 GBs is characterized by sawtooth time dependence of stress, and the "stop-andgo" movement is represented by continuous regular steps. When the GB is stationary ("stop" period), system stress builds up at a fixed rate until the accumulated stress is large enough to drive the boundary to move ("go" period). The GB jumps abruptly at the peak stress while the buildup stress is relieved to a lower level. This GB movement results in a plateau followed by a step in the GB position curve. The periodic process keeps driving the motion of the boundary to the negative direction. The average value of the peak stress in each migration cycle is 0.18 GPa at 300 K, and the calculated coupling factor is = 0.678 for SIA = 0 GBs. The coupling factor from simulation agrees with the predicted value of the Σ5(210)/[001] GB, which indicates a perfect shear-coupled GB motion.
For the SIA = 50 GBs, the coupling factor was calculated as = 0.676, which also followed the perfect coupling GB motion. However, the critical shear stress required to activate the GB migration is 0.65 GPa, and the peak stress in each migration cycle reduces gradually to a convergent value (≈0.25 GPa) with the progress of the shear strain, as shown in Figure 4(c) . The GB trajectory shows that the introduced SIAs at the boundary resulted in a less regular "stop-and-go" motion of SIA = 50 GBs than the SIA = 0 GBs, but the overall 6 Journal of Nanomaterials shear-coupled GB motion has not been changed. By visual inspection of the MD results, it was found that the coupling mechanism was identical for the SIA = 0 GBs and SIA = 50 GBs; the shear-coupled GB migration was achieved by the collective motion of the structural units on the boundary plane [52] . The result of SIA = 50 GBs reveals that a small number of SIAs that segregated into GB may not essentially change the deformation mechanism of GB under shear. For the SIA = 100 GBs, the bicrystal model deformed elastically as shear strain was applied at the initial stage. However, the boundary structure became chaotic due to the higher level of the SIA contents, and the atoms involved in the structural units were shuffled. The first stress relaxation from 0.88 GPa was associated with GB sliding, as shown in Figure 4(d) ; the GB was still at the starting position after several stress cycles. The GB sliding process lasts for about 3 ns followed by the GB migration process. A similar mechanism has been observed for SIA = 200 GBs and SIA = 300 GBs. At the initial stage, the shear strain induces a distortion of the existing structure units and buildup elastic stresses in the surrounding crystal lattice. Recall that the SIAs that segregated into grain boundary were finally located at the core of the structural unit of the Σ5(210) GB. The higher contents of SIAs can change the local equilibrium structure more significantly so that the conventional migration mechanism of Σ5(210) GB is altered. It was supposed that a contradictory motion might arise if different GB structures coexist in one boundary plane because different moving behaviors could be triggered when subjected to shear stress. Therefore, when the local shear stress at the boundary reaches a critical level (0.87 GPa and 0.68 GPa, resp.), the uncoordinated transition of the structural units causes the disorder of local atoms and induces the GB sliding process. During the shear deformation, GB sliding accompanied by GB migration is the dominated deformation mechanism.
Uniaxial Tension.
Tensile deformation was performed by considering both "free" and "constrained" tension boundary conditions [38] . A constant rate of 1 × 10 8 s −1 was applied perpendicular to the boundary plane (along the -axis) at a temperature of 300 K. The time increment of simulations was fixed at 1 fs. Under free tension boundary condition, the bicrystal model in the lateral directions was allowed to expand or contract during the deformation process, and the lateral stresses were kept free ( = = 0). Under constrained tension boundary condition, the models were strained at a constant rate along the -axis while keeping the model dimensions along the -and -axis fixed ( = = 0). This boundary condition considers the lateral stress along the -and -axis during the tensile deformation process. The schematics of tension simulation with "free" and "constrained" boundary conditions are shown in Figures 1(c)  and 1(d) , respectively. For the mechanical properties, system stress was attained by calculating the pressure of the entire system of atoms; system strain was derived from the positions of the periodic boundaries. Figure 5 shows the tensile stressstrain curves of Σ5(210) GB with various levels of SIA content under two tension boundary conditions. In general, it was found that the maximum tensile stress decreased with the increasing number of SIAs at the boundaries. The different mechanical behavior of GBs can be associated with boundary energy, where the GB with a larger number of SIAs has higher boundary energy and becomes less stable to yield. Moreover, the maximum tensile stress obtained under the constrained boundary condition is significantly higher than the value from the free boundary condition. The higher tensile stress can be attributed to the stress that developed transverse to the loading direction during the deformation process.
Visual inspection of the MD simulation results indicates that the maximum tensile stress corresponds to the nucleation of partial dislocations from the boundary, in agreement with the results of our previous study on the symmetric and asymmetric Cu Σ5 GBs [38] . Figure 6 shows the atomic configurations of bicrystal that were captured at the incipient plastic stage under free tension boundary condition. Images were colored according to the centrosymmetry parameter, and atoms with perfect fcc structures were removed to facilitate viewing of the defective structures. At the initial stage of the stress drop in each simulation case, the image shows that dislocation loops with both edge and screw character were nucleated from GB-1. They are the Shockley partial dislocations with Burger's vectors b = (1/6)[112] and b = (1/6)[112] and slip on the (111) and (111) plane in Grain-1 and Grain-2. The red dashed line indicates the dislocation cores followed by the stacking fault behind. Recall that the PBC applied on the -axis introduced two identical GBs (GB-1 and GB-2), and our early studies showed that the dislocations nucleated simultaneously on both boundaries once the maximum stress has been achieved for the symmetric GBs [38, 53, 54] . However, this is not the case for the current study, where dislocation nucleation was only evidenced from GB-1 that has been modified by absorbing SIAs. With the increase in the tensile strain, dislocations nucleate continuously from the GB plane, and their propagation and interactions contributed to the plastic deformation. Figure 7 shows the atomic configurations of bicrystal that were captured at the onset of plastic deformation under constrained tension boundary condition. Similarly, the decrease of the maximum tensile stress was associated with the nucleation of Shockley's partial dislocations from GB-1. Unlike the massive dislocations and their slipping in the bicrystal samples under free tension boundary condition, only limited dislocations were observed here. The nucleation of dislocation and its propagation have been restrained due to the lateral stress that was applied perpendicular to the tensile stress. Soon after the dislocations were nucleated, the crack initiated and extended along the GB plane in a brittle fracture manner, eventually causing the failure of the bicrystal samples. The cracks at the boundary plane were circled by dashed lines in Figure 7 . Further progress of the tensile strain resulted in the cleavage of the GB-1 and the separation of the two grains.
Remarks and Conclusions
The above simulations have shown that the segregation of SIAs at the grain boundary can have a significant effect on its mechanical properties and deformation mechanisms. When the shear stress was applied, the deformation mechanism of Σ5(210) GB changed from the perfect shear-coupled motion to the combination of GB migration and GB sliding. Previous studies have shown that the GB sliding can only occur at a high temperature that approaches the premelting point for the symmetric Σ5 GBs [36, 52] . Therefore, the GB sliding event that was observed for Σ5(210) GB with a high level of SIA content at ambient temperature in return emphasized the role of SIAs and their associated change of local GB structure. The concept of "efficient temperature" ( eff ) has been recently proposed for materials under severe irradiation [55] and severe plastic deformation [56, 57] . According to this notion, if the atomic movements driven by deformation or irradiation were higher in comparison with the conventional thermal diffusion, the material could be forced to undergo a state which is equivalent to that at a certain increased (efficient) temperature eff . In this study, the segregation of SIAs could result Journal of Nanomaterials 9 in the phase transformation of the equilibrium structure of Σ5(210) GB, and therefore the behavior of Σ5(210) GB with high level segregated SIAs under shear deformation at ambient temperature ( = 300 K) was equivalent to the GB performance at the premelting temperature ( eff ≈ 700 K). Moreover, the notion of efficient temperature can be also applied to the simulation results of uniaxial tension. It is well known that the increased temperature can decrease the critical stress that is required to activate the dislocation nucleation and initiate the plastic deformation of materials. In this study, MD simulations indicated that the tensile strength of GB decreased with the increased level of SIA content under both free and constrained tensile boundary conditions. Therefore, one can expect that the efficient temperature that was required to initiate GB dislocation nucleation could be elevated with the increased amount of SIAs in a certain range. It is acknowledged that the limited length scales and the short timescales are the inherent limitations of the atomistic simulations at the current stage. Therefore, our study can only address the problem at the nanosecond timescale and high strain rates that are available to MD simulations. The high strain rates used in this work (0.5 m/s in shear and 10 8 /s in tension), which are common to most MD simulations of inelastic behavior, may influence the dislocation nucleation process, but they have no significant effect on the main results of this study.
In conclusion, MD simulations were performed to investigate the mechanical response and deformation mechanisms of Σ5(210)/[001] GB in a Cu bicrystal with various levels of SIA content. The study of the interaction between Σ5(210) GB and the SIAs revealed that GB can play a role as an efficient sink to absorb interstitial atoms. The scattered SIAs were prone to aggregate to form SIA clusters, and the larger sized SIA clusters can be absorbed by the GB more easily. When shear deformation was applied parallel to the GB plane, a shear-coupled GB motion was observed. The coupling motion was perfect for the SIA = 0 GBs, and the coupling factor was consistent with the theoretical value. The introduced SIAs increased the critical stress that is required to activate the GB motion, and for the GBs with a high level of SIA content, GB migration was accompanied by the frequent GB sliding during shear deformation. Under uniaxial tension, the maximum tensile stress decreased with the increased number of SIAs. Dislocations nucleation and their propagation were the dominant mechanism under free tension boundary condition, while under constrained tension boundary condition, cracks were prone to initiate at the GB plane and resulted in a brittle mode of failure.
